A bifunctional probe (FecNC), containing a recognition part and an electrochemical active center, was applied to electrochemical detection of GG mismatch duplexes. The preparation of gold electrodes modified by mismatch and complementatry duplexes was characterized by electrochemical impedance spectroscopy (EIS) and optimized for better detection in terms of self-assembly time, hybridization time, and incubation time. The interaction between FecNC and DNA duplexes modified on the surface of a gold electrode was explored by square wave voltammetry (SWV) and EIS. The results showed that the DNA duplexes with GG mismatch on the surface of a gold electrode was easily detected by the largest electrochemical signal of the bifunctional probe because of its selective binding to GG mismatches. The bifunctional probe could offer a simple, effective electrochemical detection of GG mismatches, and theoretical bases for development of electrochemical biosensors. Further, the method would be favorable for diagnosis of genetic diseases.
Introduction
Many diseases are connected with point mutation or specific sequences of nucleic acids. Better understanding of nucleic acids has been of great importance in the diagnosis, prevention, and treatment of variant human diseases. [1] [2] [3] Moreover, recognition and rapid detection of various mutations and special sequences of nucleic acids have become even more important for the diagnosis and treatment of human diseases. 4 Among all the nucleic bases, guanine exhibits the highest propensity to self-assemble, thus forming GG mismatched pairs, G-ribbons, G-quartets and other repeats containing guanine. 5, 6 A GG mismatched pair is one of the single nucleotide polymorphisms (SNP), and is also the most common form of genetic variation.
Simple and rapid electrochemical methods for detection of nucleic acids 1, 7, 8 have recently attracted significant interest because of their low cost, low power consumption and portability, not only from electrochemists, but also from chemical biologists, molecular biologists and some pharmacists involved in modern biomedicine. Electrochemical methods present a unique set of limitations and technological challenges, however, mainly due to the expensive cost of DNA labeling, time-consuming process and low selectivity.
Detection of SNPs has become a central issue in modern genetic analysis for clinical diagnosis and cancer research. 9 Electrochemical methods for detecting SNPs have received much attention. 8, 9 Most of these approaches are based on the difference in thermal stability between mismatched and fully matched DNA duplexes. 9 Barton and coworkers, [10] [11] [12] [13] and Okamoto et al. 14 reported a conceptually different electrochemical approach for detection of SNPs; the method relied on charge transport through the π-stack of duplexes on the surface of a gold electrode by combining redox-active intercalators with exogenous electrocatalytic species. In addition, electrochemical biosensors based on some redox intercalators and electroactive binders 15, 16 have been developed for detection of specific sequences of nucleic acids such as abasic site. 17 However, most of the electrochemical approaches based on the interaction of electroactive binders and nucleic acids are characterized by lower sequence selectivity.
of nucleic acids by designing small molecules. [19] [20] [21] Recently, we designed a new bifunctional electrochemical probe for the electrochemical detection of GG mismatch duplexes and CGG trinucleotide repeat DNA in solution. 6, 22, 23 In the presence of the bifunctional electrochemical probe FecNC (Scheme 1), GG mismatch in aqueous solution was detected by a naked gold electrode because of different diffusibility between free and DNA-bound FecNC. This approach with a naked gold electrode was very simple and did not need immobilization. However, the approach required a large amount of DNA, which limits its application. Owing to good selectivity to GG mismatch and the electrochemical active center of FecNC, the electrochemical assay based on FecNC should be further studied for new DNA biosensor development.
In this work, another possibility of electrochemical detection of GG mismatch using a bifunctional probe was studied. Here, the GG mismatch duplex was immobilized via the attachment of sDNA with -SH terminal on the surface of a gold electrode. The interaction of GG mismatch duplex immobilized on the electrode and the bifunctional probe was investigated by square wave voltammetry electrochemically. When the DNA contained GG mismatched duplex, FecNC concentrated on the electrode gave rise to an obvious electrochemical signal after the DNA was incubated with FecNC solution (Fig. 1) . Complementary duplex has weak binding to FecNC, resulting in a decrease in the current observed after incubation with FecNC solution. The approach based on the bifunctional probe was favorable for new biosensor development and for early diagnosis and treatment of diseases.
Experimental

Apparatus and materials
All electrochemical measurements were performed on a CHI660A electrochemical workstation (CH Instrumental, Chenhua Corp., Shanghai, China). All reagents were of analytical grade and were used as received without further purification. We purchased 6-mercapto-1-hexanol (MCH) from J&K Scientifical Ltd., China. Milli-Q water was prepared through an ion exchange system with a resistance about 18.25 MΩcm -1 (Nanopure, Barnstead, USA). Electrochemical measurements were performed in an aqueous PBS (10 mM, pH 7) containing 0.1 M NaCl. The supporting electrolyte solution for electrochemical impedance spectra experiments was 0.5 mmol L -1 Fe(CN)6 3-/4-and 0.5 mol L -1 KNO3 solution. The bifunctional electrochemical probe (FecNC) was synthesized according to previous work. 20 All the oligonucleotides were purchased from the Invitrogen Corp. (China) with HPLC purification. The base sequences are as follows:
Electrochemical measurement
All electrochemical measurements were performed with a conventional three-electrode system. A gold disk electrode (2.0-mm in diameter, CH Instruments) was used as the working electrode, a saturated calomel electrode (SCE) and a platinum wire were used as the reference electrode and the counter electrode, respectively. Cyclic voltammetry (CV) were recorded in a potential range of -0.1 to 0.6 V and the formal potential of FecNC was determined by CV. Square wave voltammetry (SWV) were recorded in a potential range of -0.1 to 0.65 V to detect the interaction of FecNC and dsDNA in 0.01 M PBS of pH = 7.
Electrochemical Impedance Spectra (EIS) were recorded using ac modulation of the frequency ranging from 0. 
Preparation of dsDNA modified gold electrode (dsDNA/Au)
Before each experiment, the surface of an Au electrode was polished successively by aluminum slurries (0.1 -1 μM) in Milli-Q water on polishing cloths. After rinsing with Milli-Q water, the electrode was ultrasonically rinsed in ethanol for 5 min and in Milli-Q water for 10 min. Then, it was electrochemically cleaned in 0.5 M sulfuric acid by cycling the electrode potential 10 times between -0.1 and +1.5 V vs. SCE, and continuously rinsed in Milli-Q water for 5 min two times.
The fabrication of mismatch DNA duplex on the electrode is schematically shown in Fig. 1 . The cleaned gold electrode was immersed in 50 μL of 0.5 μM HS-ssDNA at room temperature for 4 h (the electrode was named HS-ssDNA/Au). Then the electrode was immersed in 50 μL of 0.1 M 6-mercapto-1-hexanol solution for 2 h to form a monolayer of MCH (MCH/ SH-ssDNA/Au), in order to minimize non-specific adsorption of target DNA or electrochemical probe. The HS-ssDNA and MCH modified electrode was incubated with 50 μL of 1 μM hybrid single DNA solution in a water bath at 50 C for 5 min. Then the solution, in which the electrode was soaked, was taken out from the water bath and cooled down in room temperature to allow the hybridization for 1 h to obtain the dsDNA modified electrode (the electrode was named dsDNA/Au). Finally, the dsDNA/Au electrode was incubated with a 10 μM FecNC PBS for 1 h to study the interaction electrochemically. The electrode was thoroughly rinsed with Milli-Q water after each exposure in order to minimize physical adsorption and non-specific interaction.
Results and Discussion
The electrochemical behaviors of small molecule FecNC
A required condition is that the bifunctional probe FecNC exhibit good electrochemical performance for electrochemical detection of DNA. The cyclic voltammetry (CV) of FecNC in PBS was performed with different concentrations. As shown in Fig. 2A , the oxidation and reduction peak currents increase with an increased in concentration up to 50 μM, whereas the increase becomes nominal at concentrations exceeding 50 μM. This would be due to the poor water-solubility of the FecNC in PBS. The CV of 50 μM FecNC shows a clear oxidation and reductive peak at 0.354 and 0.302 V vs. SCE corresponding to the ferrocenium/ferrocene couple (E1/2 = 0.328 V, ΔEp = 0.052 V, Ipa/Ipc = 1.65). According to CV curves of FecNC with different sweep rates (Fig. S1 , Supporting Information), plots of peak current, Ipa and Ipc, vs. the root of sweep rate are linear, which indicates that the redox of FecNC is a diffusion-controlled process (Fig. 2B) .
The negative charge of DNA fabricated onto the electrode surface would hinder the charge transfer reaction of negatively charged redox molecules in solution, which causes a change in charge transfer resistance (Rct) that can be detected by electrochemical impedance spectroscopy (EIS). 24 EIS is one of the most common and effective methods to monitor assembly of nucleic acids on the transducer surface, and characterize DNA hybridization events. 25, 26 Here, the immobilization of DNA on the surface of the gold electrode was characterized by ESI (as shown in Fig. 3A) . Obviously, the resistance values of the modified electrode increased gradually from 5, 20, to 28 kΩ with fabrication of HS-ssDNA, MCH, and hybridization of duplex DNA, respectively. These results indicate that duplex DNA was fabricated successfully onto the surface of the gold electrode.
Our most concerned issue was whether or not the Au electrode fabricated with GG mismatch duplex would exhibit a successful electrochemical response, as we expected, after incubation with the electro-active probe FecNC. As shown in Fig. 3A , the value of Rct decreased to 10.4 kΩ after incubation with FecNC because the binding of FecNC to DNA accelerated the charge transfer. In order to further confirm our expectation, SWV spectra of GG dsDNA/Au was performed in PBS before and after incubation with 10 μM FecNC for 1 h (shown in Fig. 3B ). Clearly, no SWV current was found before incubation. Whereas a typical SWV oxidative peak (about 0.368 V) was observed after incubation, which indicated obviously that FecNC interacted successfully with GG mismatch duplex immobilized on the surface of the gold electrode. Additionally, the SWV signal was also not found after GG dsDNA/Au was incubated with the two parts of FecNC respectively, NC and ferrocene solution (Fig. S1 , Supporting Information). 
Selective recognition of FecNC to GG mismatch Effect of the SH-DNA self-assembling time.
A gold electrode was immersed into 2 μM HS-ssDNA for self-assembly for varying times of 2, 4, 6, and 12 h, respectively. The SWV of GG mismatch duplex fabricated electrode was detected after incubation with 10 μM FecNC for 1 h. The SWV current signal of GG dsDNA/Au electrode increased with increasing self-assembling time (as shown Fig. S2, Supporting Information) . The results indicate that the current reached a plateau after 4 h of self-assembly. So 4 h for self-assembly was used as the optimal self-assembly time for the experiment considering that a weak current signal is not advantageous for detection. Effect of incubation time. In order to obtain better results, the detection condition was further optimized by varying incubation time. Considering the above results, ESI and SWV of duplex modified electrode were performed with 4 h of self-assembly. As shown Fig. 4A , it was found that the SWV current signal did not noticeably increase when the incubation time was more than 60 min, which meant the binding of FecNC to GG mismatch on the electrode reached saturation. The corresponding Rct value also decreased with increasing incubation time accordingly, which was due to the fact that increasing FecNC molecules concentrated on the duplex DNA. Selectivity of FecNC to GG mismatch. We exposed the G mismatches containing dsDNA-modified gold electrode to four types of DNA duplexes, followed by incubation in 10 μM FecNC PBS for 1 h and measured the SWV in FecNC-free PBS. The SWV measurement shows that different duplexes give different magnitudes of electrochemical response, 0.70, 0.58, 0.57 and 0.51 μA, respectively (Fig. 5) , in which the order of current intensity was GG > GT ≈ GA > GC. Even though GC (or GA, GT) shows a peak, the current magnitude is apparently different between GG dsDNA, GA, GT and GC dsDNA. Therefore, by comparing the results carefully between the GG and GC (or GA/GT) ds DNAs, the presence of GG mismatch should be recognized. Nakatani group reported that NMR structural analysis of the complex of NA (including naphthyridine chromophore and 8-azaquinolone chromophore) and 11-mer duplex CAG-CAG indicated that naphthyridine chromophore formed intermolecular hydrogen bonding with Guanine base and naphthyridine-guanine are well stacked in the right-handed DNA helix. 27 Reasonably, the selectivity and high affinity of FecNC and nucleotide binding might be achieved by a combination of stacking and complementary hydrogen-bonding interaction of naphthyridine group and G base.
Conclusions
An electrochemical system was investigated for the interaction of GG mismatch duplex and a bifunctional probe, containing an electro-active part and GG mismatch recognition part. The preparation of mismatch containing duplex modified gold electrodes was optimized for better detection; the parameters studied effect included self-assembly time, hybridization time, and incubation time. It was found that self-assembly time had a larger effect for electrochemical signal of duplex modified Au electrode after incubation with FecNC. Although an electrochemical signal was also found for complementary dsDNA due to nonspecific inteaction, GG dsDNA/Au gave the largest electrochemical signal due to selective binding of FecNC to GG mismatch. We expect that the use of the bifunctional probe will offer a novel approach to a simple, low-cost and effective assay for mismatch detection and other specific sequences of DNA. Further, the studies offer theoretical bases for the design and development of electrochemical biosensors, and be favorable to the detection of genetic diseases and early screening of drugs.
